Unraveling the Helix Nebula: Its Structure and Knots 
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ABSTRACT 



Through HST imaging of the inner part of the main-ring of the Hehx Nebula together 
with CTIO 4-m images of the fainter outer parts, we have an unprecedented-quahty view 
of the nearest bright planetary nebula. These images have allowed determination that 
the main-ring of the nebula is composed of an inner-disk of about 499" diameter (0.52 
^ \ pc) surrounded by an outer-ring (in reality a torus) of 742" diameter (0.77 pc) whose 

' plane is highly inclined to the plane of the disk. This outer-ring is surrounded by an 

outermost-ring of 1500" (1.76 pc) diameter which is flattened on the side colliding with 
the ambient interstellar medium. The inner-disk has an extended distribution of low 



^-^ ' density gas along its rotational axis of symmetry and the disk is optically thick to 

^ ionizing radiation, as is the outer-ring. 

Published radial velocities of the knots provides support for the two-component 
structure of the main-ring of the nebula and to the idea that the knots found there are 
expanding along with the nebular material from which it recently originated. These 
velocities indicate a spatial expansion velocity of the inner-disk of 40 km s~^ and 32 
km s~^ for the outer-ring, which yields expansion ages of 6,560 yrs and 12,100 yrs 
respectively. 

The outermost-ring may be partially ionized through scattered recombination con- 
tinuum from the inner parts of the nebula, but shocks certainly are occurring in it. 
This outermost-ring probably represents a third period of mass-loss by the central star. 
There is one compact, outer object which is unexplained, showing shock structures 
indicating a different orientation of the gas flow from that of the nebula. 

There is a change in the morphology of the knots as a function of the distance from 
the local ionization front. This supports a scenario in which the knots are formed in or 
near the ionization front and are then sculpted by the stellar radiation from the central 
star as the ionization front advances beyond them. 

Subject headings: planetary nebulae:individual(NGC 7293) 



1. INTRODUCTION 



The Helix Nebula (NGC 7293) occupies a 
special place in the study of the planetary 
nebulae (PN) because it is the closest bright 
member of this important class of objects. It 
is difficult to observe, when compared with 
many other bright PN, because its surface 
brightness is relatively low due to the nebula's 
large angular size. Studies of the appearance 
in optical emission lines with ground-based 
telescopes and the Hubble Space Telescope 
(HST) has produced a series of spectacular 
new images Meaburn et al. 1992 (henceforth 
M1992), O'Dell & Handron 1996 (henceforth 
OH1996), and O'Deh k Burkert 1997, (hence- 
forth OB 1997) revealing the ubiquity and de- 
tail within the knots that populate the object 
(Zanstra 1955, Vorontzov-Velyaminov 1968). 
A recent study of several nearby PN (O'Dell 
et al. 2002, henceforth O2002) indicate that 
these knots are common features in PN and 
may therefore, play an important role in the 
evolution of these ejected stellar envelopes. 

Even though the HST images (including 
the new ones reported upon in this study) 
provide un-excelled resolution, these images 
do not cover the entire nebula, which means 
that there is the need to continue to image 
the object from the ground with an increas- 
ingly improved resolution and photometric ac- 
curacy. The most useful photometric ground 
observations are those of O'Dell (1998, hence- 
forth 01998) in the H/3 [O HI], and Hell lines, 

^Based in part on observations with the 
NASA/ESA Hubble Space Telescope, obtained 
at the Space Telescope Science Institute, which 
is operated by the Association of Universities for 
Research in Astronomy, Inc., under NASA Contract 
No. NAS 5-26555. 

^Based in part on observations obtained at the 
Cerro Tololo Interamerican Observatory, which is op- 
erated by the Association of Universities for Research 
in Astronomy, Inc., under a Cooperative Agreement 
with the National Science Foundation. 
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Fig. 1. — These negative depictions of CTIO 
images covers a field of 1500"x 1653" with the 
vertical axes pointed towards PA=0.9°. The 
grey- level was adjusted so that saturation was 
reached only in a single brightest region. The 
2.64" resolution of these depictions is set by 
binning the MOSAIC data into ten pixels and 
scaling the Schmidt data to the same value. 
The considerable difference of appearance of 
the main-ring in different ions is discussed in 
§ 3 and § 4. 
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Fig. 2. — This composite image of the 
CTIO and HST observations was made 
with Ha+[N II] as red, an average of 
Ha+[N II] and [O III] as green, and [O III] 
as blue. In each color the image was made 
by combining the ACS observations of the 
inner nebula with the MOSAIC images 
of the outer nebula as described in § 2.3. 
The scale of the original composite im- 
age is 0.264"/pixel which was degraded to 
0.533"/pixel and printed at 300 pixels per 
inch in order to fit the printing restrictions of 
the journal, the full resolution version is avail- 
able as a 165 MB file, helixhocaclean.tif, at 
ftp:/ /cauldron. stsci.edu/world/outbox/levay/helix/. 



although his resolution was determined by the 
2.3" pixels employed. Images in other bands 
have significantly added to our knowledge of 
the object. Speck et al. (2002, henceforth 
S2002) have imaged the entire main-ring of 
the nebula in the II2 2.12 ^m line at a resolu- 
tion of 2", while Meixner et al. (2004) have im- 
aged a fraction of the southeast main-ring re- 
gion in the same line with a resolution of 0.2". 
Although the H2 study of Cox et al. (1998) 
has a resolution of only 6" it includes multi- 
ple lines and was able to establish that the II2 
has a temperature of about 900 K. The en- 
tire main-ring has been mapped in CO emis- 
sion with resolutions as good as 31" (Young 
et al. 1999 , henceforth Y1999). Huggins et al. 
(2002, henceforth H2002) has imaged in CO 
the region of the bright knot 378-801 with 
a beam of 7.9"x 3.8". Rodriquez, Goss, & 
Williams (2002) has mapped the main-ring in 
the 21-cm line of HI with a beam of 54.3"x 
39.3". Although the radio observations fall 
far below the spatial resolution of the opti- 
cal observations, the multiplicity of sources 
within their beams that are revealed by the 
superb velocity resolution gives indications of 
the finer scale structure that must exist. 

The Helix Nebula has usually been as- 
signed member of the bipolar class of PN 
and the commonly accepted model is a thick 
disk of ionized gas that is optically thick along 
its equator and may be optically thin to ion- 
izing flux along the symmetry axis (Meaburn 
et al. 1998, henceforth M1998; 01998, Henry, 
Kwitter, & Dufour 1999, henceforth H1999). 
In this simple disk model the symmetry axis 
is pointed about 30° with respect to a line of 
sight to the observer. In this nearly face-on 
view of the disk, we see that its inner region 
is occupied by a core of He"'""'" emission, whose 
lack of ions with high emissivity give the neb- 
ula a superficial appearance of having a cen- 
tral cavity (01998). This single disk model 
must now be superseded by a more complex 
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model, as described in § 3.1, § 4.1 and § 4.2. 
The existence of plumes extending from the 
main-ring of emission to the northwest and 
southeast indicate that the structure is not a 
simple disk, rather, there must be extended 
material above and below the disk. The pres- 
ence of [S II] emission even across the region 
of the central star indicates that the nebula 
is likely to be optically thick in most direc- 
tions, since this emission usually arises only 
from an ionization front (although shock ex- 
citation is also possible in some regions, § 4.3). 
The knots begin to be observed at about the 
same distance from the central star that the 
Hell core gives way to the lower ionization 
H+H-He''" zone that produces the dominant 
[O III] emission. 

Throughout this paper we use a distance of 
213 parsecs, which is based on the trigonomet- 
ric parallax of the central star (Harris et al. 
1997). This yields a scale of 1" = 3.19 x 10^^ 
cm and the 5.45' semimajor axis of the nebula 
(O2002) is then 0.33 pc. 

It is necessary to comment on the nomen- 
clature used in this paper since different and 
sometimes conflicting designations are used 
for the same features in different papers. By 
the main-ring of the nebula we mean the ring- 
shaped structure seen on images of the nebula. 
Within this structure there are loop struc- 
tures. As we'll see in § 3, some of these loops 
are related and form continuous structures 
called the inner-disk and outer-ring. The 
fainter extensions to the northwest and south- 
east will be called the plumes. The outer- 
most structures to the east and west of the 
nebula will be called the outer-nebula. The 
compact condensations will be called knots, 
with the projected regions immediately be- 
yond them (away from the central star) be- 
ing called their tails. The fine-scale radial 
structures seen on the outside of the main 
body will be called radial-rays. Whenever a 
small feature needs specific designation, we'll 





Fig. 3. — This negative depiction image of 
the Helix Nebula in the CTIO H/? image 
has drawn upon it two ellipses which define 
the inner-ring and the outer-rings within the 
main-ring of the nebula. The three dimen- 
sional properties of these objects-when inter- 
preted as circles seen at oblique angles are- 
labeled. Dark lines indicate the inner-ring and 
white lines the outer-ring. 
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use the coordinate based system introduced 
in OB1997, thus avoiding the confusion of a 
discovery-time based system. We give figures 
labeUng features at decreasing surface bright- 
ness and increasing size in Figure 3, Figure 6, 
and Figure 17. 

We describe the new high resolution HST 
and broader field of view (FOV) ground-based 
observations in § 2. In § 3 we describe the 
analysis of these new observations and dis- 
cuss these results in § 4. What we find is that 
the Helix Nebula is composed of an inner-disk 
of material, surrounded by a lower ionization 
outer-ring that is almost perpendicular to the 
inner-disk. This interpretation is strength- 
ened by its explanation of the complex radial 
velocity pattern described by radio and opti- 
cal observations. There is an outer structure 
called the outermost-ring whose form suggests 
that it has the same orientation as the outer- 
ring. The northeast portion of this outer-ring 
is compressed by collision with the interstel- 
lar medium (ISM). There is evidence for con- 
tinued outflow along an axis perpendicular to 
the inner-disk and there is an east-outer fea- 
ture that appears to be the result of a colli- 
mated outflow shocking against the ISM. Sev- 
eral other shock-form objects are also seen, 
although their origin and nature are unex- 
plained. We trace the change of morphologi- 
cal appearance of the well-known knots and 
determine that these objects are first seen 
soon after the passage of the nebula's ioniza- 
tion front as broad structures with significant 
amounts of material in their outer regions. 
Those objects lying farther behind the ion- 
ization front have evolved in form to be well- 
defined structures with mini-ionization fronts 
giving them the bright cusps facing the cen- 
tral star and less material in their outward tail 
regions. 



2. OBSERVATIONS 

We draw on several related data sets for 
this study, the first being a mosaic of images 
(McCullough ct al. 2002) made with the ACS 
WFC instrument (Pavlovsky 2003) of the 
HST, the second a set of Cerro Tololo Inter- 
american Observatory (CTIO) 4-m ground- 
based observations, and the third is a limited 
set of previously published observations with 
with the Curtis-Schmidt telescope at CTIO. 
In this section wc describe the first two sets 
and the third has already been described in a 
pubhcation (01998). 

2.1. A Mosaic of HST ACS Images in 
Two Filters 

The passage of the Earth through the de- 
bris stream that produces the Leonids me- 
teor shower was thought to present a risk 
to the HST for the several years when the 
Earth passed close to the center of the stream. 
During these passages the HST was pointed 
away from the radiant of the stream and in 
November, 2002 this direction was nearly at 
the location of the Helix Nebula. This af- 
forded the opportunity to make a series of 
observations during a 14 hour period. The 
program and its results (McCullough et al. 
2002), which immediately went into the pub- 
lic domain, are described on the web site 
http://archive.stsci.edu/hst/helix. In this 
study we use only the ACS WFC results, these 
being a series of exposures in the F658N filter 
(transmitting equally well both the Ha 6563 
A and [N II] 6583 A hues) and the F502N filter 
(dominated by the [O III] 5007 A line). Nine 
overlapping fields were used centered at about 
2' west of the central star and with the west 
boundary pointed to the north- northwest. 
The field covered is illustrated in § 3.3 (Figure 
7), where the images are first discussed. The 
Helix Nebula is sufficiently large that even 
these nine fields could not cover the entire 
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object, only a significant portion of the main- 
ring of the object. Through an error, the cen- 
tral star image fell into a gap between fields, 
but the field was otherwise continuous, with 
multiple exposures allowing cosmic ray cor- 
rection over most of the image. The total ex- 
posure times were t(F658N)=5.12 hours and 
t(F502N)=4.92 hours. The individual field 
exposure times are much shorter than earlier 
WFPC2 observations (OH1996,OB1998) and 
since the instruments produce comparable sig- 
nals per pixel, the signal was much lower, al- 
though adequate for our purpose. The total 
of 46 exposures in each filter were combined 
into a continuous mosaic by STScI staff mem- 
bers and we have used the data product where 
the signal from four adjacent pixels was aver- 
aged, so that each pixel is a double sized 0.10" 
(comparable to the WFPC2 0.0996" pixels), 
but the images have a correspondingly higher 
signal to noise ratio. 

2.2. CTIO 4-m MOSAIC Imaging in 
Four Filters 

We have supplemented the HST ACS ob- 
servations with lower spatial resolution images 
made with the MOSAIC camera mounted at 
the prime focus of the Blanco 4-m telescope 
at CTIO. Because of equipment problems, we 
were able to use data from only an array of 
four 2224x4096 pixel CCD detectors aligned 
north-south, instead of the usual square ar- 
ray of eight detectors. Each detector had 
a gap of about 15" with its neighbor. The 
pixel size was 0.264" square and the seeing 
varied from 0.9" to 1.1" FWHM (fuU width 
at half maximum) over the period of the ob- 
servations (nights of 17 and 18 September, 
2003). Four filters were used. The c6009 fil- 
ter (FWHM=80 A, Apeak= 6563 A) isolated 
equally well the Ha-|-[N II] lines. The c6013 
filter (FWHM=80 A, Apeak= 6725 A) isolated 
the red [S II] doublet at 6716 A + 6731 A. 
The C6014 filter (FWHM=50 A, Apeak= 4990 



A) isolated the [O III] line at 5007 A. Each 
of these were 146 mm square. A smaller (10 
cm square) filter, kpnol567 (FWHM=25 A, 
Apeak = 4876 A) was also used for isolation of 
the H/? line at 4861 A. Each filter also passed 
a certain amount of continuum, which was al- 
ways only a small fraction of the total signal. 
Four images were made in each filter. The 
first pair covered the eastern part of the neb- 
ula and the second pair an overlapping region 
of the western part of the nebula. The ex- 
posures in each pair were displaced 30" from 
one another. The exposure times were the 
same within each filter, being 300 seconds for 
c6009 and c6014, 900 seconds for c6013, and 
600 seconds for kpnol567. Flat field correc- 
tions were made using dome-flat exposures. 
A modification of the IRAF msc package of 
tasks was used for the data reduction. The 
images were calibrated into relative photon 
rate values using the spectrophotomctrically 
calibrated samples from 01998, using the as- 
sumption that each filter is dominated by the 
target emission line. An isolated [N II] im- 
age was made by subtracting a scaled version 
of the H/3 image from the Ha+ [N II]. All 
of the images were put into the same refer- 
ence frame, whose vertical axis had a position 
angle (PA) of 0.9°. Characteristic reproduc- 
tions of 1500"xl653"portions of the images are 
shown in Figure 1. For completeness, we have 
added the Hell 4686 A image of this same 
area from the 1997 Curtis-Schmidt observa- 
tions (01998), which were made with 2.3" 
pixels and has the continuum and stars sub- 
tracted from it. 
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Fig. 4. — The brightness profile of an east- 
west sample 57.5" wide across the middle of 
the CTIO images is shown, with signal from 
different ions scaled into arbitrary intensity 
units for clarity. Features associated with the 
inner-disk and the outer-ring are labeled. Fea- 
tures beyond 500" are associated with the low 
ionization outer-nebula. 
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Fig. 5. — This negative depiction of 1761"x 
1761" CTIO fields centered on the central star 
of the Helix Nebula is adjusted to bring out 
the outer parts of the nebula, as described in 
the text. The filling of the smaller ellipse is 
to indicate that this is actually the outer part 
of a filled disk, the innermost portion being 
visible primarily in Hell emission. 



2.3. Creation of Combined CTIO and 
ACS Images 

Because of the almost identical transmis- 
sion characteristics, we could combine the 
CTIO C6009 and ACS F658N images into a 
single composite image isolating Hq;-|-[N II] 
emission and the CTIO c6014 and ACS F502N 
images into a single composite image isolating 
[O III] emission. This was done by degrading 
the ACS pixels to those of the CTIO images 
(0.264" /pixel), aligning them using the CTIO 
images as the reference, scaling the images to 
be the same in the outer regions of the ACS 
images, then combining them so that the in- 
ner portion of the image comes from the HST- 
ACS and the outer from the CTIO MOSAIC. 
In this way the inner portion has a higher res- 
olution, being determined by the pixel size, 
while the outer portions have the resolution 
set by the seeing (about 1") at the time of 
the CTIO observations. The monochromatic 
Ha-|-[N II] and [O III] images were then com- 
bined into a single color image, using red for 
Ha+[N II], green for an average of Ha-|-[N II] 
and [O HI] , and blue for [O HI] , the result be- 
ing shown in Figure 2. This image is a good 
guide to the variation in the ionization struc- 
ture of the nebula and the structure within 
the nebula, as discussed extensively in the re- 
mainder of this paper. 

3. ANALYSIS 

This new data set from CTIO and HST im- 
ages allows us to derive a more accurate pic- 
ture of the structure of the Helix Nebula. For 
the CTIO images the unprecedented diagnos- 
tic emission line isolation and high signal to 
noise ratio is the primary advantage. In the 



^IRAF is distributed by the National Optical Astron- 
omy Observatories, which is operated by the Associ- 
ation of Universities for Research in Astronomy, Inc. 
under cooperative agreement with the National Sci- 
ence Foundation. 
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case of the HST images, our advantage is in 
having 0.1" resolution over most of the region 
of the nebula that shows knots. 

3.1. Interpretation of the Main- Ring 
as a Pair of Rings 

We have used the CTIO images to reassess 
the validity of the widely accepted model 
(M1998, 01998, H1999) that the main-ring 
emission of the nebula is explained as a thick 
disk, ionization bounded along its perimeter. 
Although the earlier imaging data used in 
modeling the nebula (01998) easily resolved 
the object, our new observations give bet- 
ter coverage of different ionization stages and 
higher spatial resolution. The primary mo- 
tivation for reassessment was the impossibil- 
ity of explaining the velocity structure of the 
nebula by the simple disk model, which is dis- 
cussed in § 4.1. However, the multiple loops 
within the main-ring, which give rise to the 
name Helix Nebula, have vexed researchers 
trying to model the nebula for decades. In 
fact, Taylor (1977) used the appearance of the 
nebula and his few [O I] velocities to construct 
a model of a cylindrical helical distribution 
of material. Our improved emission line im- 
ages and detailed velocity mapping allow us 
to produce a simpler model than Taylor's he- 
lix, which produced an explanatory paper of 
very similar title to ours (Fabian & Hansen 
1979). Our model is, however, more complex 
than the simple thick disk model. 

Examination of our images in multiple 
emission lines indicates that there are two pri- 
mary rings of emission, each having ionization 
structure indicating that they are ionization 
bounded. In Figure 3 we show an overlap of 
two ellipses that fit an inner and an outer- 
ring within the main-ring of the nebula. The 
inner-ring is an ellipse of major and minor 
axes 499" x 459" and the outer-ring is an el- 
lipse of major and minor axes 742" x 446". 
These correspond to circles of radius 250" 



and 371" (0.26 pc and 0.38 pc respectively) 
seen at tilt angles of 23° and 53° out of the 
plane of the sky. The reality of two separate 
rings, inner-ring and outer-ring, is supported 
by three primary lines of evidence: 1) the vi- 
sual appearance as outlined in Figure 3, 2) the 
evidence for two ionization fronts (see Figure 
4 and discussion below), and 3) the distinct 
velocities of the two rings components (§ 4.1). 
The discussion of nebular velocities in § 4.1 
indicate that the near side of the inner-ring 
is oriented towards PA=288° and the near 
side of the outer-ring is at PA=168°. The 
former number may be slightly small as we'll 
see in § 4.3.2 that a feature associated with 
the inner-disk argues for PA=303°. 

The first evidence of two such rings lies 
in the imaging data of H1999, especially in 
their Figure 5. which gives the [N II] /Hq ra- 
tio image, which indicates two zones of ion- 
ization stratification, although they identified 
only one, associating it with the thick disk 
model. Our images in several stages of ion- 
ization provide similar but more extensive ev- 
idence. The expected photoionization strat- 
ification for a nebula has been presented in 
simple form in 01998, which draws on the 
fact that the ultraviolet opacity to the stel- 
lar radiation is dominated by hydrogen and 
helium, with the collisionally excited lines of 
the heavy ions usually providing the best trac- 
ers. Closest to the very hot central star is the 
zone of H+-|-He++, which is traced only by 
the Hell emission, the strongest optical line 
of which is at 4686 A. The next zone outward 
is the H+-|-He+, which is most easily traced 
by the strong [O III] line at 5007 A. The third 
zone outward is the H"'"-|-He°, which is traced 
most easily by the strong [N II] doublet lines 
at 6583 A and 6548 A. Next is the hydrogen 
ionization front, where the best tracer is the 
[S II] doublet lines at 6716 A and 6731 A. 

We have looked for evidence of this ioniza- 
tion stratification by examining a sample of 
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our monochromatic CTIO images. The sam- 
ple was 57.5" wide and extended across the 
center of the nebula in an east-west direction. 
The stars within the sample were edited out 
(local surface brightness values being substi- 
tuted). The 2-D array was reduced to aver- 
ages using IRAF task splot and the results are 
presented in Figure 4. The signal from each 
ion was scaled for clarity. The lower spatial 
resolution of the Hell data used (2.3", 01998) 
should make no difference since the Hell peak 
shows no evidence of fine-scale structure. 

We see in Figure 4 that the H"'"-|-He''""'" zone 
is limited only to the center near the central 
star, which indicates (01998) that the neb- 
ula contains material up to very close to the 
central star. The ring (rather than a disk) ap- 
pearance of the nebula is caused by the fact 
that Hell emission is weak and not usually 
included in images of the nebula. Immedi- 
ately outside of this central HeH peak we see 
a transition to the H^-t-He"*" zone as traced by 
[O HI], followed by the H'^-I-Hc" zone traced 
by [N II] , and finally an ionization front traced 
by [S II]. The close overlap of the profile of 
[S II] and [N II] emission indicates the im- 
portant role of charge exchange at the low 
densities that apply in the nebula (01998), 
which broadens the [S II] emitting zone and 
the fact that the zones must be curved and the 
observer looks along a cross-section through 
the nebula. These first features are all as- 
sociated with the inner-ring, which is actu- 
ally a disk with a Hell core. The inner-ring 
structure seen in Figure 3 is interpreted as 
the outer, lower ionization portions of the disk 
that forms the inner structure of the nebula, 
which we will call the inner-disk. 

In Figure 4 we see a small rise in the [O III] 
surface brightness on both sides of the cen- 
tral star at distances of about 110". This was 
first noted by Meaburn & White (1982). The 
fact that this peak of emission occurs without 
an accompanying lower ionization peak out- 



side of it indicates that it is a peak in den- 
sity, rather than a density peak with an asso- 
ciated ionization front. This density peak is 
probably associated with the inner H+-|-He++ 
zone as it occurs just outside of where the Hell 
emission begins to drop in surface brightness. 

There is a second progression of ionization 
structures further out, which correspond to 
the outer-ring structure. It has no obvious 
Hell core, nor would one be expected at these 
greater distances, [O HI] is weaker than in the 
inner-ring, and the [N II] and [S II] features 
are relatively stronger than on the inside. Be- 
yond the outer-ring one sees [S II] features 
that result from the outer-nebula. In § 4.5 
we address the more difficult problem of the 
structure of the rings out of their planes. 

3.2. Structure of the Outer-Nebula 

Outside of the main-ring of the nebula is 
the structure we call the outer-nebula. This 
was first seen in photographic images (Ma- 
lin 1982), the velocity was measured in one 
eastern region (Walsh & Meaburn 1987), the 
structure was more clearly delineated at 2.3" 
resolution in 01998, and fainter extensions 
were seen in low resolution (48" pixels) Ha im- 
ages (Gaustad et al. 2001, S2002). Our large 
filter CTIO images allow delineation of this 
structure at an unprecedented combination of 
spatial and spectral resolutions and reaches to 
surface brightness levels comparable to those 
of the low spatial resolution study (S2002). 
A homogeneous sampling of our results are 
shown in Figure 5, where we depict in nega- 
tive our three CTIO images over an 1761"x 
1761" field. This is similar to Figure 1 in that 
the images saturate at single regions in the 
inner ring, but arc now displayed with a con- 
trast value of 7=1.5, which enhances the ap- 
pearance of the lowest brightness levels, and 
the FOV is larger. In addition, we have not 
attempted to separate the Ha and [N II] com- 
ponents because our reference H/3 image was 
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Fig. 6. — This depiction of the the [S II] 

image from Figure 5 has superimposed la- 
bels that indicate features discussed in the 
text. The inner-ring and outer-ring features 
together compose the main-ring, where the 
bulk of the optical emission from the nebula 
arises. The inner-ring is the low ionization 
portion of the inner-disk. 



made with a smaller filter that did not give 
homogeneous illumination in the outer-nebula 
region and it is not safe to assume that the 
Ha/H/? ratio is the same there as it is in 
the main-ring regions that were used for spec- 
trophotomctric calibration. If the [O III] im- 
age is examined at its faintest levels, one can 
see an outer structure, but this signal is prob- 
ably due to nebular continuum combined with 
scattered light, rather then being the [O III] 
emission line. 

In these images we see a well defined north- 
east arc, which shows much more fine struc- 
ture in [S II] than in the Ha:+[N II] image. 
This structure is clearest to the north-cast, 
but can be traced at smaller distances un- 
til it joins the outer parts of the main-ring 
to the north northwest and the south. We 
call this entire structure the northeast-outer 
feature. One sees in [S II] a fainter emission 
beyond the north-east arc extending towards 
PA~ 80°. There is also a region of extended 
emission out to the edge of the image with a 
symmetry axis of PA~ 250° , which we call the 
southwest outer feature. For clarity. Figure 6 
gives a set of labels for the various features 
already mentioned, together with some intro- 
duced later. 

3.3. Analysis of the Knots 

In the O2002 analysis of four nearby PN 
(including the Helix Nebula) it was argued 
that knots form as instabilities at the ioniza- 
tion front and then are sculpted following pas- 
sage of the front. The more complete mapping 
of the inner-disk by the ACS allows us to eval- 
uate and refine that argument. This evalua- 
tion was first done morphologically and then 
by quantitative analysis of these images. 

3.3.1. The Progression of Appearance of the 
Knots 

We examined the entire ACS mosaic in de- 
tail, looking for patterns in the appearance 
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of the knots. Since space does not allow us 
to reproduce the entire image at full spatial 
resolution, we selected four sample areas to 
illustrate the pattern that was found. The re- 
gions sampled are shown in Figure 7. The first 
four are all associated with the inner-disk and 
sample five is associated with the outer-ring. 
Higher resolution images of these sampled re- 
gions are shown in Figures 8-9-10. 

Wc found that a clear pattern of forms of 
the knots was obvious. When the knots are 
well ahead of the present location of the neb- 
ula's ionization front they are well sculpted. 
The knots have a well-defined ionized cusp on 
the central star side of a crisp teardrop shaped 
extinction core, the latter best seen in the 
[O III] images. These objects are illustrated 
in Figure 8, Sample One. At distances slightly 
closer to the nebular ionization front we be- 
gin to see that the extinction cores are more 
diffuse, as shown in Figure 8, Sample Two. 
Closer yet to the nebular ionization front we 
see that the extinction cores are even more dif- 
fuse and we begin to see them in extinction in 
the Hq;-|-[N II] images of the knots, as shown 
in Sample Three of Figure 8. This pattern is 
continued even closer to the nebular ionization 
front, as illustrated in Figure 9, where we see 
that the bright cusps are much more irregular 
and the boundaries of their tails are not sim- 
ple shadow projections lying along radial lines 
drawn toward the central star. The cores and 
tails are dark in the Hq;-|-[N II] images and 
very dark in the [O III] images. 

We interpret this progression to mean that 
the knots are concentrations of dust and gas 
that form in or immediately outside of the 
nebular ionization front. The ionization front 
moves outward as the nebula expands and 
attains a lower average density, leaving the 
knots behind (although the knots are still ex- 
panding away from central star). The knots 
have enough material to be optically thick 
to Lyman Continuum (LyC) radiation, thus 




Fig. 7. — This reduced resolution, negative 
depiction of the ACS Hq;-|-[N II] mosaic im- 
age has superimposed the fields shown in the 
next three figures in both Ha-|-[N II] and 
[O III]. Sample One is 102"x 102", Samples 
Two, Three, and Five are 51"x 51". Sample 
Four is 51"x 102". 
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Fig. 8. — This series of negative images shows 
the first three samples of Figure 7. Note that 
the scale of the top sample (One) is twice that 
of the other two. 




Fig. 9. — This negative depiction of Sample 
Four from Figure 7 shows the properties of 
knots closest to the nebular ionization front 
within the inner-disk. 




Fig. 10. — This negative depiction of Sam- 
ple Five shows that sculpted knots are found 
ahead of the nebular ionization front in the 
outer-ring of the nebula. Only the Ha-|- [N II] 
image is shown since the [O III] image is fea- 
tureless. 
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forming a small local ionization front and ini- 
tiating the process of photo-ablation of mate- 
rial through the over-pressure condition that 
results from photoionization. Prom the start 
there is more material towards the center and 
photo-ablation soon has removed the lower 
density material outside of the shadow-cone 
(Canto et al. 1998) cast by the core of the 
knot, whereas the shadowed material is lost 
more slowly. 

We see the same pattern being repeated in 
the outer-ring as shown in Figure 10, although 
this figure samples but a single area of that 
structure. 

3.3.2. Quantitative Analysis of the ACS Im- 
ages of the Knots 

We also looked for a more quantitative 
means of assessing the properties of the knots. 
We sampled five regions of the ACS Ha-|-[N II] 
mosaic, as shown in Figure 11. Within these 
samples Region 1 and Region 2 offer the 
chance to examine knots whose distances from 
the central star can be used as measures of 
the distance from the nebular ionization front 
for either the inner-disk or the outer-ring. A 
general property of the knots is that the sur- 
face brightness at the substellar apex of their 
ionized cusp decreases with distance from the 
central star (OH1996) which to the first order 
can be explained by there being a decreas- 
ing flux of LyC photons at greater distances, 
and the deviations from this simple theory can 
be explained by loss of LyC photons prior to 
reaching the ionization front (Lopez-Martin 
et al. 2001). However, our analysis of the 
forms of the knots indicated that knots closer 
to their associated nebular ionization front 
were darker in the middle, reflecting the fact 
that their cores had suffered little mass-loss. 

We have examined the variation in the 
amount of extinction occurring in the core of 
the knots by sampling the cusp in an 0.3" 
square centered on the apex of the bright cusp 




Fig. 11. — This negative depiction of the 
ACS Ha-|- [N II] mosaic has superimposed the 
boundaries of the regions for which a quantita- 
tive assessment of the properties of the knots 
was conducted. The circle indicates a distance 
of 200" from the central star, which is shown 
as a filled circle. 
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and on the center of the core. When the po- 
sition of the latter was not obvious, it was 
determined from the shape of the well-defined 
cusp. In each case two adjacent regions of the 
nebula were measured to determine the back- 
ground, which was then subtracted from the 
signal. A negative signal occurs if the core 
has a lower signal than the ambient nebular 
emission. A ratio (R) of the center of the core 
signal to that of the cusp was calculated and 
the results are presented in Figure 12. 

We see from Figure 12 that R is a small 
positive number for most of the knots in the 
five regions sampled. However, as one goes 
beyond 200" from the central star that some 
of the knots have negative values of R, indi- 
cating that the cores are dark in Ha-|-[N II]. 
When we examine the figure in detail we see 
that the expectations of § 3.3.2 are realized. 
We begin to see a wide range of values of R at 
large distances because some of these knots 
are close to their associated nebular ioniza- 
tion fronts (hence have large amounts of core 
extinction) while others seen at the same dis- 
tance are further removed from their nebular 
ionization fronts. This is because some are 
associated with the inner-disk and others the 
outer-ring. 

3.4. The Radial-Rays on the Outside 
of the Main-Ring of the Nebula 

The region immediately outside of the 
main-ring shows a peculiar radial pattern of 
light and dark, which we call the radial-rays. 
These were first visible in the ratio of [O III] 
to H/3 image of 01998 (his Figure 1). Within 
the main-ring H1999 found similar structure 
in their images of the [N II] to Ha ratios, 
where they were called plumes-a term used 
differently in the present paper (§ 1, Figure 
6). The main-ring radial features are exten- 
sions of the ionization shadow-cones of the 
optically thick knots, as suggested by Canto 
et al. (1998) and discussed in detail in O'Dell 



(2000, henceforth O2000). 

In order to quantitatively characterize the 
radial-rays, we have sampled a 96"x 24" re- 
gion centered 412" due south of the central 
star, as shown in Figure 13. This was done in 
the CTIO H/3, [S II], and [O III] images be- 
cause only they cover the outer region at good 
resolution. These three filter images give good 
isolation of emission, whereas the other CTIO 
images require an assumption of a constant 
Ha/H/3 ratio for deriving the [N II] emission 
from the Ha-|-[N II] image. At this distance 
and with this narrow of a sample the effect of 
the divergence of the radial-rays is small and 
we have traced the profile of the average im- 
age along an east-west direction, as shown in 
Figure 14, where the signals in each emission- 
line have been normalized to unity. We see 
that there are periodic fluctuations in both 
lines with amplitudes of about ±6, 5, and 3% 
in intensity in H/3, [O III], and [S II] respec- 
tively and scale widths of about 8", there be- 
ing eight H/3 peaks in the sample. It is signif- 
icant that the intensity of the H/3 and [O III] 
signal is anti-correlated, i.e. as one goes up, 
the other goes down. The pattern of variation 
of the [S II] emission is harder to define, but it 
appears to increase with increases of the H/3 
emission. If this sample is characteristic of 
the entire nebula, then there would be about 
108 radial-rays around the full circumference. 
Their nature and interpretation are discussed 
in § 4.2. 

4. DISCUSSION 

The rich variety of images of the Helix 
Nebula in various emission lines (both opti- 
cal and radio) and the existence of a useful 
amount of high velocity resolution spectra has 
allowed us to develop a refined model for the 
object. In this section we present a discus- 
sion of the properties and construction of the 
various parts of the nebula, then present the 
integrated picture. 
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4.1. The Dynamics of the two compo- 
nents of the Main-Ring 

In § 3.1 we produced evidence that the the 
eponymous hehcal structure in the plane of 
the sky is the result of two circular rings of 
emission having different orientations. This 
model is confirmed through examination of 
the available radial velocity data. Most of this 
velocity data is associated with the knots. 

There is reason to argue that all of the mea- 
sured CO sources seen in the Y1999 study are 
associated with knots. As the spatial reso- 
lution of the CO observations have improved 
( Huggins & Healy 1986, Healy & Muggins 
1990, Forveille & Huggins 1991, Huggins et al. 
1992, Y1999), there has been a progressive 
ability to isolate individual knots. The best 
resolution study (H2002) targeted an individ- 
ual knot (378-801). Even at the lower resolu- 
tion of the Y1999 study, spectra of individual 
data samples commonly show multiple peaks 
of emission at various nearby velocities, indi- 
cating that the unresolved regions are actu- 
ally composed of multiple emitters. A simi- 
lar progression of improved resolution in H2 
observations has produced clear evidence for 
association with knots (S2002). The isolation 
of individual knots becomes more difficult as 
one goes farther from the central star because 
the number surface density of knots increases 
rapidly and the lower resolution CO studies 
appear amorphous first, and the higher reso- 
lution H2 studies only appear amorphous in 
the outermost regions. 

Y1999 point out that dynamically there ap- 
pear to be two types of CO emitters. The 
first type is a group of small sources all found 
within 300" of the central star. The velocities 
of these sources are distributed as if they all 
belong to an expanding torus region, which 
produces a nearly sinusoidal variation in the 
radial velocities with an amplitude of ±17 
km s~^, as found earlier by Healy k. Huggins 



(1990). They call these sources the inner-ring. 
The second type of emitters are found in the 
regions they call the outer-arcs. The west- 
ern outer-arc starts to the north of the cen- 
tral star and spirals out before returning to a 
closer distance to the south of the central star. 
The east outer-arc starts to the south-south- 
west from the central star, reaches its great- 
est distance and surface brightness west of the 
central star, then becomes closer and reaches 
the main emitting ring of the nebula to the 
north of the central star. The west outer-arc 
is clearly interrupted to the northwest, where 
the 3-D model of the nebula (01998) argues 
is the location of the extended symmetry axis 
of the bipolar model. We show in Figure 15 
the Y1999 CO data combined with the results 
from Taylor (1977), who measured velocities 
in [O I] at several points in the main body 
of the nebula. The coincidence of appearance 
and the kinematic structure developed in this 
section establish that these CO outer-arcs are 
components of the outer-ring introduced in § 
3.1. 

Do the outer-arcs contain a series of dis- 
crete knots, like the inner-disk? This is 
very likely since the higher spatial resolu- 
tion H2 images of S2002 show a multitude of 
small sources and the high velocity resolution 
CO study of Y1999 shows multiple emitters. 
The excellent resolution Ha-|-[N II] images of 
M1998 do not extend into the regions of the 
outer-arcs. Our CTIO images of slightly lower 
resolution than M1998's cover the outer-arcs 
and show them to break down into individual 
knots of bright and dark (Figure 10). 

The Helix Nebula has been mapped by 
Rodriquez, Goss, & Williams (2002) in the H I 
21-cm line with a beam of 42"x 44". This spa- 
tial resolution is sufficient to allow identifica- 
tion of the source with the inner or outer-rings 
of emission that we see in Figure 3 and these 
results have been added to Figure 15. We see 
that interpretation of the H I emission as com- 
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ing from the same areas as the CO presents a 
self-consistent resuh, i.e., that they too come 
from two velocity systems. This emission is 
almost certainly from the knots, as the CO 
observations clearly isolate individual knots, 
including ones that obviously fall well within 
the ionized part of the nebula and removed 
from any photon dominated region that lies 
outside the ionization front of the nebula it- 
self. Rodriquez, Goss, &: Williams (2002) ar- 
gue that there is a slight displacement of the 
H I emission outside of the zone of ionized gas, 
but this evidence is weak and probably an ar- 
tifact of their having taken a profile averaged 
over all position angles, a dangerous proce- 
dure because of the asymmetry of the nebula. 

M1998 present radial velocities (in [N II]) 
for 50 knots over a range of position angles. 
We have added those results to Figure 15 and 
see that the velocity patterns agree quite well 
with the results from the CO, H I, and [O I]. 
M1998 argues, as was done in their earlier pa- 
per (Meaburn et al. 1996), that their knot ve- 
locities indicate that the knots are expanding 
at only about one half of the expansion ve- 
locity of the nebula. This conclusion is based 
on a comparison of the radial velocities of the 
system of knots with the expansion velocity 
as measured along a line of sight through the 
central star. We test this interpretation with 
the nebula expansion data from M1998 in the 
[N II] line. Specifically, from their Figure 5. A, 
we extract the radial velocities of the nebula in 
the inner and outer-rings at position angles of 
90° and 270°, at which points the two rings are 
separated unambiguously both on the sky and 
in velocity. Including these data in Figure 15 
shows that the nebular material is flowing at 
essentially the same velocity of the co-located 
knots. 

The resulting kinematic picture is entirely 
consistent with the disk and ring model de- 
rived from the appearance of the nebula. 
There are two velocity systems, the easily 



traced inner-ring portion of the inner-disk 
which expands with a maximum component 
of 15.5 km and an outer-ring expanding 
with a maximum component of 25.5 km s~^. 
When one takes into consideration the tilts 
of the rotation axis of the rings (23° for the 
inner-ring and 53° for the outer-ring, the spa- 
tial expansion velocities become 40 km s"^ 
(inner) and 32 km (outer). If these ex- 
pansion velocities have been maintained since 
early in the history of the two rings, the corre- 
sponding ages are 6560 yrs (inner) and 12,100 
years (outer). 

There is no published velocity information 
for the Hell emission region that lies in the 
core of the nebula. However, it would be very 
important to obtain this information because 
it should help to explain how material can 
continue to exist in this region. The kinemat- 
ics of the Hell may also lead to an explanation 
of the presence of the 110" radius rise in [O III] 
emission that occurs within the inner-disk (§ 
3.1) just outside of the Hell core. 

The inner-ring is the low ionization por- 
tion of an inner-disk, with the Hell emitting 
zone at its center. Within this disk are two 
unresolved x-ray sources (Leahy, Zhang, and 
Kwok 1994, Leahy et al. 1996, Guerrero et al. 
2001), the lower temperature component be- 
ing continuum emission from the central star. 
The central star has no detectable stellar wind 
(Cerruti-Sola & Perinotto 1985) so that the 
million degree gas in the hotter source is un- 
likely to arise from a stellar wind or the shocks 
that it can cause, a conclusion strengthened 
(Chu et al. 2004) by there not being O VI 
emission or absorption. Guerrero et al. (2001) 
argue that the hotter source is probably an 
M-dwarf companion to the central star. Ex- 
amination of the original CTIO Hell images 
shows no evidence down to about 5" from the 
star for the dip in Hell that would result if 
there was an extended hot core, which would 
have a low emissivity in this Hell recombina- 
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tion line. The fact that the inner-disk has no 
shocked region is not in accord with the two- 
wind model of the development of the PN, un- 
less the original wind-blown cavity has been 
refilled by material from the star or backflow- 
ing from an earlier shell structure. Certainly 
the central star is now so far evolved that 
it does not have a stellar wind, but the ab- 
sence of a shocked region would demand that 
it has cooled below the level of detection since 
the time that the wind stopped. There is no 
dynamical evidence of a current backflow of 
nebular material . In fact, the limited veloc- 
ity data indicate that the nebula is expanding 
homologously as do most other PN. 

How such a double structure can be formed 
is problematic. Rotationally symmetric fig- 
ures are common among the PN. If the two 
structures indicate significant mass-loss at dif- 
ferent times, then this would require a rapid 
change of the axis (86°) in only 5500 years. 
As we'll show in several of the following sec- 
tions, there certainly is evidence for other 
periods of mass-loss with orientations differ- 
ent from either component of the main-ring, 
which means that there is ample evidence for 
a wandering axis of orientation. 

4.2. The Radial-Rays surrounding the 
Main-Ring 

The radial-rays that we see outside of the 
main-ring contain considerable information 
about the structure of the inner nebula. The 
basic theory that describes ionization shad- 
ows behind objects like the knots is presented 
in Canto et al. 1998 and the successful ap- 
plication of that theory to the Helix Nebula 
is presented in O2000. Within a shadowed 
region illumination is by scattered LyC pho- 
tons. These LyC photons are generated by 
recombination of ionized hydrogen selectively 
occurring close to the Lyman limit, whereas 
the star's emission occurs at higher energies. 
This means that the shadowed region is il- 



luminated by photons with a significantly 
smaller energy excess above the ionization 
threshold. As a result, the electron tempera- 
ture in the shadow is about half that of the 
ambient nebula. This enhances the relative 
emission of a recombination line, such as H/?, 
and decreases the emissivity of collisionally 
excited lines, like [O III]. This is why one 
sees an anti-correlation of the brightness of 
the tails outside of the knots (O2000) and 
we see in this study that this pattern contin- 
ues into the outer regions, where we see the 
radial-rays. 

There is an additional process that con- 
tributes to the diminution of [O III] in the tails 
of knots, which is not covered in the Canto 
et al. (1998) paper, but draws on the ioniza- 
tion structure of the nebula that is reviewed 
in § 3.1. The photoionization of the shadowed 
regions is determined by the recombination 
continuum of not only H+, but also He+ and 
He"*""*". In the innermost zone, where He"*"^ is 
found and the nebula is traced by the Hell 
4686 A recombination line, the shadowed re- 
gion sees a continuum at and just above 54.4 
eV, which is sufficient to create O"*"^ because 
the ionization energy for O^^ is 54.9 eV. This 
means that the nebular material and the shad- 
owed regions have the same preferred state 
of ionization of oxygen. The same is true of 
the H++Hc° zone, where the shadowed region 
is illuminated by the recombining H"*" at just 
above 13.6 eV, which is enough to photoion- 
ize neutral oxygen into O"*". In the H^-|-He"^ 
zone 0+^ is dominant in the nebula because 
the stellar continuum of less than 54.4 eV is 
adequate to photoionize oxygen from O"*" to 
O"*"^ by the absorption of photons of greater 
than 35.1 cV. However, the shadowed regions 
are of lower ionization. This is because in this 
zone the shadows are illuminated by recom- 
bining He"^ at just above 24.6 eV and few of 
these will have enough energy to photoionize 
oxygen, leaving it as O"*". This means that 
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[O III] cannot be produced within the shad- 
ows in this region, which is where most of the 
knots and tails are found, but, they should be 
enhanced in [O II] emission. 

The large-scale structure of the radial-rays 
are illustrated in Figure 16, which is an [O III] 
image that has been divided by a median 
smoothed version of that same image using 
a square kernel 85 pixels (22")wide. This rep- 
resents the ratio of a given pixel to the local 
average and allows one to easily see small local 
enhancements and deficits. 

The weak positive correlation of H/3 and 
[S II] is more difficult to explain. On the 
one hand [S II] emission demands coUisional 
excitation of the ion's outermost bound elec- 
tron, hence the emissivity per unit ion and 
electron density increases with electron tem- 
perature. On the other hand, neutral sulphur 
has a lower ionizaton energy than hydrogen, 
so that S II should exist in a neutral hydrogen 
zone, disappearing quickly through photoion- 
ization into S III within an ionized hydro- 
gen zone (01998). This means that normally 
one expects to see [S II] emission only from 
the immediate vicinity of an ionization front, 
where one has both some population of S"*" 
and electrons to do the collisional excitation. 
This simplistic picture is blurred by the fact 
that charge-exchange processes will widen the 
width where this emission can occur. O2000 
presented arguments that the tails immedi- 
ately behind the knots in the Helix Nebula 
were fully ionized. 

When we examined the tails of the inner 
knots in the CTIO images one sees the anti- 
correlations seen in 01998 in H/? and [O III]. 
However, he did not have [S II] images and in 
our CTIO images we see that even in the tails 
of the inner knots that [S II] is enhanced along 
with H/3, indicating that the same process is 
occurring there as in the outer radial-rays. 
Most likely this is a charge-exchange domi- 
nated process that fills the otherwise fully ion- 



ized tail regions. 

The fact that there is some emission from 
the nebula, including [O HI], beyond the 
ionization boundaries identified to exist for 
the inner-disk and the outer-ring means that 
the nebula is not optically thick to LyC at 
those projected distances above and below 
the planes of these rings, i.e. at high eleva- 
tion angles. The "hocky-puck" shape of the 
inner-disk has a lower density distribution of 
gas above it that extends out to angular dis- 
tances beyond the main-ring. Because there 
is much less material along a line of sight at 
higher elevation angles the ionization fronts 
would be found much further away from the 
central star. In fact, there may be no ion- 
ization front at very high angles. This means 
that the radial-rays are ionization shadows be- 
ing formed above the projection of the thick 
disk, probably at about 30° above and below 
the plane of the inner-disk. This conclusion is 
strengthened by the fact that there are only 
about 108 of them, whereas there are about 
3500 knots (OH1996) in all the nebula. This 
means that the radial-rays are formed by only 
the knots at sufficiently high angles that their 
shadows extend beyond the ordinary ioniza- 
tion fronts of the inner and outer-rings. When 
we examine the combined ACS-I-CTIO mosaic 
and Figure 16, we see no alignment of the 
radial-rays with any of the knots seen in the 
inner parts of the nebula, rather, the associ- 
ated knots fall further out, within the main- 
ring structure of the nebula. These features 
are not individual knots, rather, groupings of 
them. This is consistent with the fact that 
outer-rays are much larger than the projec- 
tion of single knots located in the inner parts 
of the nebula. 

4.3. The Structure of the Outer Neb- 
ula 

There arc multiple structures that lie out- 
side of the main-ring of the nebula. There 
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are two (the plumes) which appear to be con- 
tiguous with the inner-ring structure while the 
rest have no obvious link. 

4.3.1. The outermost structures 

The appearance of the outer nebula has de- 
veloped gradually. It was initially reported 
by Malin (1982) from broadband filter pho- 
tographic images and in many ways his illus- 
tration remains the best until our Figure 17, 
which covers an almost identical FOV. There 
are three primary features in these images. 

In Figure 17 we see that there is extended 
emission on both the east and west side. The 
easternmost extension is an open parabolic 
form with PA=81°, which appears equally 
well in both our Ha and [S II] images and 
was recorded earlier in B./3 (01998) and Ha 
(Kwitter, Chu, k Downes 1993). The furthest 
east component extends beyond our cutoff at 
892" from the central star. 01998 records this 
as extending in H/3 to 1190" from the central 
star. The west side is a much broader fea- 
ture, containing numerous cusps and having 
a nearly opposite symmetry axis of PA~256° . 
It goes beyond our 866" limit, 01998 indicat- 
ing an extension to 880" and his Figure 3 (bot- 
tom left) shows that the object is a series of 
well-defined shocks. Like the east-outer fea- 
ture , this west-outer feature is very similar 
in both Ha and [S II], although the two sides 
are quite different in their internal structure. 
The east-outer feature looks like a series of co- 
aligned large shocks, whereas the west-outer 
feature looks like a scries of small shocks hav- 
ing a global alignment in their average ori- 
entation. Borkowski (1993) has argued that 
the east-outer feature is due to compression 
arising from the Helix Nebula moving into 
the ambient interstellar medium. This inter- 
pretation is tempting as the measured proper 
motion for the central star is about in this 
direction. Cudworth (1974) reports a photo- 
graphic determination of 40 mas yr~^ towards 



73° and more recent CCD observations give 33 
mas yr~^ towards 87° (H. Harris 2001, private 
communication). Adopting a value of 36 mas 
yr~-^ means that the nebula is moving with a 
tangential motion of 36 km s"^ towards about 
PA=80° . A quantitative assessment of this in- 
terpretation awaits a determination of a radial 
velocity of the object. 

The brightest outer feature is the northeast- 
arc, which was first reported by Malin and 
imaged many times since (Walsh & Meaburn 
1987), Kwitter, Chu, & Downes 1993, 01998). 
It has a characteristic distance from the cen- 
tral star of 676" (01998). Walsh & Meaburn 
(1987) have compared the velocity of a sam- 
ple of the northeast-arc nearly east of the 
central star and found that it has two compo- 
nents with an average velocity blueshifted 50 
km s^^ with respect to the main body of the 
nebula. Since the energy of a moving hydro- 
gen atom is 0.005184 x Y^^^ eV, then the 
total energy must be at least 13.0 eV, quite 
adequate to produce a collisional ionization of 
hydrogen if there is also a tangential velocity 
component while the observed velocity is well 
in excess of the sound velocity, so that it can 
easily produce a shock. The northeast orien- 
tation of this shock argues that it is the result 
of a large-scale high velocity gas moving into 
a slower or even static cloud of older material 
that has been generally compressed by inter- 
action with the ISM on the side facing the 
proper motion of the nebula. The shock in- 
terpretation of the northeast-arc is supported 
by a comparison of this region in Ha from 
the S2002 study and their presentation of the 
100 /xm IRAS results at comparable resolu- 
tion (their Figure 11), where one sees that 
the northeast-arc is barely visible in the 100 
/Ltm dust emission. Although the higher den- 
sity of the northeast-arc would produce some 
of this improved contrast, the higher gas tem- 
perature in shock would also play a significant 
role. The northeast-arc is much more visible 
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in the [O III] filter image in 01998 than in 
our Figure 5. The difference is probably in 
the filters used, with the earlier study's filter 
passing more continuum arising from atomic 
processes. 

It is possible that the series of shocks that 
we call the East Outer Feature in Figure 17 
is actually the result of a collimated outflow 
from the inner nebula and that the counter- 
part of the West-Outer Feature is the material 
that is northeast of the nebula, including the 
northeast-arc. Within that interpretation the 
northeast-arc is an indication of the material 
flow to the northeast being slowed through 
interaction with the ISM. The well defined 
structure of the northeast-arc and its closer 
distance to the star is a strong argument for 
this. 

To the southeast (PA=120°) we see a 
parabolic form (in Hq;+[N II] only, not 
[S II] or [O III]). Almost opposite there is 
a much broader component, again only clear 
in Ha+[N II] which has PA~303°. These 
forms are aligned almost along the axes of the 
southeast and northwest plumes discussed in 
the next section. 

We can compare the outer nebula structure 
displayed in Figure 17 with Figure 1 of S2002 
since they look at the same regions, albeit at 
much lower spatial resolution. Their Figure 1 
shows the Ha only surface brightness at a res- 
olution of 48" . We see that our east-outer fea- 
ture extends to about 1160", where it broad- 
ens (their Bl feature). They identify a second 
source (called B2) at about 780" from the cen- 
tral star at about PA=265°, which our Fig- 
ure 17 shows is four objects with the appear- 
ance of shocks. Their Figure 1 also shows that 
our southeast-outer feature extends to about 
1200" (their CI) and that our northwest-outer 
feature extends to about 1000" (their C2). 
Their feature Al is our feature "NE Object" , 
which is discussed in § 4.3.3 and their feature 
A2 is a region of several condensations within 



the west-outer structure and appears to have 
no particular importance when viewed at our 
spatial resolution. 

S2002 argue that there is an extended Ha 
glow surrounding the Helix Nebula. Our ob- 
servations indicate that this is composed of 
collimated flows, rather than being a general 
cloud. Since shocks are likely to play an im- 
portant role in their excitation and we don't 
know the multiple conditions necessary for 
calculating the emissivity of a shock, we can- 
not comment on the details of this extended 
glow. The shocks may be forming in partially 
ionized material that is no longer directly ion- 
ized by the central star. The surface bright- 
ness in H/3 of the northeast and southwest- 
outer regions at 520" from the central star is 
about 3% the surface brightness of the main- 
ring. If this emission comes from photoion- 
ized gas in a sphere of 50% larger size, and 
most of the main-ring emission comes from 
a disk about 100" in line of sight thickness 
(01998), then scaling from the density (Ne) of 
the main-ring of 60 electrons cm~^ indicates 
an outer cloud gas of about 3 electrons cm~^. 
The recombination timescale for a 10,000 K 
gas is about 120,000/Nc years (Osterbrock 
1989). This means that the unshocked re- 
combination timescale for the outer material 
is about 40,000 years, which is much longer 
than the lifetime of the nebula. This means 
that this outer material could have been ion- 
ized at an earlier stage in the evolution of the 
nebula and we see it now as it is fading out as 
it recombines. 

In summary, we can say that there is ev- 
idence for several flows of nebular material 
that has produced the outer structure of 
the Helix Nebula. There is a bipolar flow 
that produces the well defined southeast- 
outer -l-northwest-outer features. In addition, 
there is a series of shocks extending towards 
PA=80° which probably represents where 
high velocity collimated flow from the cen- 
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ter of the nebula shocks against the ambient 
ISM. Finally, there is a broader bipolar flow 
along a east-northeast to west-southwest axis, 
which is shocked and compressed by interac- 
tion on the side confronting the ambient ISM 
(thus producing the northeast-arc) and ex- 
tending farther in the direction away from 
the systemic proper motion. 

4-3.2. The plumes 

The features wc call the northwest and 
southeast plumes are seen in most well ex- 
posed images of the main ring. They are ap- 
parent in all the emission lines in this study, 
which means that these are regions being pen- 
etrated by radiation from the central star, 
rather than being shadowed by the ionization 
structure of the inner-disk. On the northwest 
side the plume appears to at least partially in- 
terrupt the outer-ring whereas on the south- 
east side the outer-ring is simply fainter where 
it passes. The orientation of the plumes is 
PA=303° and shares the orientation with the 
much larger southeast-outer and northwest- 
outer features to which there must be a con- 
nection. As indicated in the previous sec- 
tion, these features must be an indication of 
a bipolar flow. The most likely interpretation 
(01998) is that these features are all extended 
structure perpendicular to the inner-disk of 
the nebula. 

4.3.3. The NE Object and the NE shock 

The NE Object, whose position is indicated 
in Figure 17 was originally discovered by Ma- 
lin (1982). He called it object A, reported 
it as visible only in his red bandpass image, 
and described it as "a curious cometlike ob- 
ject." It appears in the 01998 H/? image, but 
is not discussed. It appears in the S2002 Ha 
image, where it is called object Al. It falls 
only into our CTIO fields, where it is visi- 
ble in both the Hq;-|-[N II] and [S II] images, 
but not the [O III] image. It does not appear 



in the R band image of Walsh & Meaburn 
(1987). The region around the NE object is 
depicted in Figure 18 in a series of maximum 
surface brightness images. The inner-most re- 
gion of the object appears much like an open 
spiral galaxy. However, the deeper images be- 
gin to show a bow-shock shape around the 
inner structure, which rules out the interpre- 
tation of its being a galaxy. The orientation 
of this inner bow-shock is slightly less than 
PA=90°, indicating that this is a shock be- 
tween a gaseous feature associated with the 
Helix Nebula and the local ISM. The deepest 
images show an outer bow-shock that is much 
brighter on its south side, is visible only in the 
Ha-|-[N II] image, and has the same orienta- 
tion as the inner bow-shock. The right-hand 
images of Figure 18 were made from images 
averaged over 10x10 pixels in order to increase 
the signal to noise ratio using the IRAF task 
blkavg. 

Immediately to the west of the NE ob- 
ject is the apex of a much larger bow-shock. 
Figure 19 shows both objects, again using 
the 2.64" pixels resulting from averaging the 
image. This larger bow-shock, which we'll 
call the NE shock, is quite thin, being about 
FWHM=2.6" on the images before averaging. 
It is much brighter in Ha-|-[N II], only the 
brightest part being detectable in [S II]. It 
shares the same symmetry the NE ob- 

ject, which means that it too appears to be 
caused by interaction of an outflow from the 
nebula interacting with the ambient ISM. 

The common alignment of both small 
shocks close to the NE object and the larger 
NE shock is difficult to explain. It links the 
three shocks and argues that they represent 
some type of intermittent collimated flow as 
one sees in several Her big Haro objects. How- 
ever, there is no obvious source for such a flow 
since the symmetry axis passes north of the 
north boundary of the main-ring. One can 
argue that it is not associated with the Helix 
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Nebula, but the agreement of alignment with 
the proper motion makes this unlikely. 

4.4. The Bars 

The bar features (NE-bar and SW-bar in 
Figure 6) also merit discussion. These arc the 
brightest portions of the main-ring of the neb- 
ula, as shown in Figure 1. [O III] emission is 
strong in the NE-bar but does not stand out 
from the main-ring in the SW-bar region. In 
H/3 the SW-bar is slightly brighter than the 
NE-bar while in [N II] the SW-bar is much 
brighter than the NE-bar. In [S II] emission 
the SW-bar stands out, but is not noticeable 
above the main-ring in the NE-bar region. As 
we see in Figure 3, these bar features occur 
where the outer parts of the inner-disk and 
outer-ring overlap in the plane of the sky, 
which to the first order can explain why the 
main-ring is brightest there. However, this 
does not explain the very different ionization 
differences, with the NE-bar being higher ion- 
ization. 

If the inner-disk and the outer-ring were 
thin and had the same orientation angle in 
PA, then one would expect that the portions 
of the outer-ring that are shielded from di- 
rect ionization radiation from the central star 
(through the disk being optically thick) would 
be low ionization. However, the orientations 
arc not the same. The ellipse fit to the form of 
the inner-ring portion of the inner-disk (Fig- 
ure 3) indicates that the symmetry axis is 
pointed towards 288°. If the plume features 
are the result of extended structure perpen- 
dicular to the inner-disk, then the orientation 
is 303°, the 15° difference being within the 
range of uncertainty, which is larger for the 
former determination. The orientation of the 
outer-ring is better determined and is about 
PA=168°. We can adopt values of 303° and 
168° for this discussion, this being the PA of 
the more distant side of the symmetry axis. 
This difference of orientation means that one 



can expect varying high and low ionization 
peaks depending on the elevation angles in- 
volved. The higher ionization NE-bar feature 
would be the result of high elevation angle il- 
lumination of a higher portion of the far side 
of the outer-ring, while the lower ionization 
SW-bar feature would be the result of looking 
at a lower elevation region of the near side of 
the outer-ring. This interpretation is consis- 
tent with the fact that the two bar features 
are not exactly 180° apart. 

4.5. A Composite Model for the Helix 
Nebula 

In Figure 20 we have drawn a compos- 
ite of the primary features seen in the He- 
lix Nebula. A pattern of associations is obvi- 
ous. The northwest and southeast plumes are 
probably extended regions perpendicular to 
the inner-disk, as argued previously (01998). 
The northwest and southeast-outer features 
are extensions of the plumes. The axis of ro- 
tation of the inner-disk passes through these 
features, with the further side having a po- 
sition angle between 288° (as argued by the 
orientation of the inner-ring and the PA-radial 
velocity pattern) and 303° ( gued by the 
orientation of the plume and associated outer 
features). The core of this disk is seen in Hell 
and is surrounded by a density enhancement 
well beyond which is a progression of ioniza- 
tion states, with the disk being optically thick 
to hydrogen LyC in its outermost regions. 

The outer-ring lies almost perpendicular to 
the plane of the inner disk. It has no inner 
material, is of lower ionization and it too be- 
comes optically thick to hydrogen LyC in its 
outermost region. Its [O HI] emission is what 
gave rise to the M1998's argument that there 
was a second [O HI] emitting region within a 
single torus. 

It is notable that the orientation of the 
outer-ring component of the main-ring of the 
nebula has a similar orientation and form 
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as the combined northeast-arc and the west- 
outer features. This suggests that they share 
a similar structure, with the west-outer fea- 
ture and the northeast-arc both being part 
of another (oTitcrmost) ring having an intrin- 
sic diameter of 1700", but is compressed on 
the side impinging on the ambient ISM. This 
outermost-ring is almost certainly better de- 
scribed torus as the Walsh & Mcaburn 
1987 spectra indicate that the spectrum of the 
eastern portion of the northeast-arc is split 
into two components. It is likely that it is 
a flattened toroidal structure since the sur- 
face brightness outside of the shocks is rela- 
tively constant and extends in as far as the 
outer-ring. This outermost-ring may in part 
be coUisionally excited dnc to the shocks being 
formed, although some photoionization could 
be occurring as the result of scattered LyC 
photons arising in the plumes and their asso- 
ciated outer features. The density of the ring 
could be much more than that calculated in 
§ 4.3.1 since the line of sight thickness would 
be much less. This outermost-ring is proba- 
bly a thin disk, with the greatest densities in 
the regions being compressed by shocks. It is 
impossible to quantitatively assess the role of 
shocks without a complete velocity mapping, 
but the reasonableness of the argument is sup- 
ported by the fact that a sphere of 1.76 pc 
(1700") diameter would enclose a total mass 
of 0.07 Mq, if the ambient density of the ISM 
is one hydrogen atoms per cubic centimeter. 
This is probably comparable or greater than 
the mass in the outermost ring, so that sig- 
nificant interaction with the ISM would be 
expected. This radius of the outermost-ring 
(0.89 pc) falls well within the size distribution 
of extended haloes around other PN (Corradi 
et al. 2003). The Corradi et al. paper also es- 
tablishes that large extended haloes are not 
uncommon, being seen in several tens of per- 
cent of all PN. Such extended outer structures 
can be the result of the first phases of mass- 



loss from the precursor central star (Corradi 
et al. 2000). 

The nature of the other features remains 
uncertain. The east-outer feature appears to 
be a series of shocks that originate from the 
direction of the central star. The NE object 
and its associated shocks resembles a mach- 
disk with accompanying shocks. Its symme- 
try axis is similar to that of the east-outer 
feature, a property shared with the NE shock 
feature. However, their position and symme- 
try axis argues against an origin in the central 
star, raising the possibility that they have a 
common driving source that is not within the 
main-ring. 

4.6. A multiplicity of axes of the out- 
flows 

Our new composite picture for the Helix 
nebula suggests that it is a poly-polar, rather 
than bipolar planetary nebula. There are two 
axes of symmetry, the inner disk's with an axis 
tilted 23° from our line of sight and the outer- 
ring's with an axis tilted 53° from our line of 
sight. Moreover, the inner-disk is at the center 
of the northwest and southeast plumes which 
form point symmetric structures with respect 
to the central star. Multiple axes and point 
symmetric structures have been seen more ob- 
viously in other planetary nebulae because we 
observe them closer to edge-on. These poly- 
polar planetary nebulae (Lopez et al. 2004) 
include, e.g.: NGC 6302 (Meaburn & Walsh 
1980a, 1980b), NGC 2440 (Lopez et al. 1998), 
KjPn 8 (Lopez et al. 2000), J320 (Harman 
et al. 2004) and the class of quadrupolar neb- 
ulae described by Manchado, Stanghellini & 
Guerrero (1996). The nature of the Helix's 
multiple axes has previously eluded detection 
because we see them almost pole-on and its 
two axes of symmetry give it the confusing 
eponymous helical appearance. Of the other 
poly-polar planetary nebulae, the Helix model 
bears the closest resemblance to that of NGC 
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2440, except that NGC 2440 is much younger 
('^1600 yrs) and is seen almost edge-on. Both 
nebulae have strong molecular hydrogen emis- 
sion suggesting a large reservoir of neutral gas 
(although the Helix's observed H2 is mostly 
in the knots), an inner-disk with point sym- 
metric features at its poles, an outer-structure 
and outer-most structure, all with slightly dif- 
ferent axes of symmetry . This comparison 
suggests that the outer-ring and outer-most 
structure may be limb brightened edges of 
more cylindrical structures rather than sim- 
ple rings. Kinematical studies of these poly- 
polar planetary nebulae reveal different veloc- 
ities for the different structures as we also ob- 
serve in the Helix. 

The axisymmetric structure of planetary 
nebulae has been attributed to the dynamical 
influence of a companion star or even Jovian 
planets (e.g. Sokcr 2001, Soker & Rappaport 
2000, Soker & Rappaport 2001). The highly 
collimated jets, such as the northwest and 
southeast plumes of the Helix, may have been 
caused by an accretion disk, probably formed 
due to the influence of a binary companion 
(e.g. Soker & Rappaport 2001), and by mag- 
netic fields (Garcia-Segura et al. 1999). The 
mechanism which creates poly-polarity is less 
clear but many suggest variations on the bi- 
nary companion theme. For example, Man- 
chado, Stanghellini & Guerrero (1996) suggest 
the influence of a triple star system may also 
cause poly-polarity. The point symmetry of- 
ten observed in poly-polars may be due to the 
orbital motion of a binary system (Soker &: 
Rappaport 2001). 

The idea of the nebula being shaped at 
least in part through being a binary star is 
strengthened by the fact that the most plau- 
sible interpretation of the central point-like x- 
ray source is its being a dwarf M star, as dis- 
cussed in § 4.1. Temporal variability in the 
x-rays and in Ha supports this idea (Gruendl 
et al. 2001, Guerrero, Chu, & Gruendl 2004). 



As pointed out by Miranda et al. (2001) the 
kinematics of all the different structures in a 
poly-polar planetary nebulae may provide de- 
tailed information about the binary star or- 
bital parameters. The next step in under- 
standing the structure of the Helix and its ori- 
gin from a putative binary system will require 
detailed kinematical data of all the interesting 
features that we outline in this paper. 

In this study we have shown that the com- 
bination of HST-ACS and CTIO images, to- 
gether with published radial velocity infor- 
mation, has allowed us to construct a re- 
fined model of the Helix Nebula. There have 
been at least three epochs of mass loss, corre- 
sponding to the inner-disk, the outer-ring, and 
the outermost-ring, with the latter two ar- 
guably having similar orientations, while the 
inner-disk is almost orthogonal to them. The 
outermost-ring shows the effects of interaction 
with the ambient ISM and there are numerous 
features that are apparent shocks. The nature 
of a few associated outer features (the NE ob- 
ject and the NE shock) remain unexplained. 
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Fig. 12. — This figure plots the ratio of the 
surface brightness of the core of the knots to 
the surface brightness of the apex of the bright 
cusp (both in Ha+[N II]) as a function of an- 
gular distance from the central star. The dif- 
ferent regions are coded by symbols: 1(+), 
2(*), 3(open rectangles), 4(diamonds), 5(tri- 
angles) . 




Fig. 13. — This negative depiction of the 
CTIO [O III] image has had the saturation 
level set low enough that one can see detail in 
the region immediately outside the main-ring. 
We SCO about 108 radial-rays along the cir- 
cumference of the nebula. The region marked 
Outer Sample Box and its use are described 
in the text. 
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Fig. 14. — The intensity within the region 
called the Outer Sample Box in Figure 13 is 
shown for H/3, [O III], and [S II] emission. 
The signal from each line has been normal- 
ized to unity and the values averaged along 
the shorter, north-south, dimension. 
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Fig. 15. — We have plotted here the helio- 
centric radial velocities for various discrete 
sources in the Helix Nebula clS Si function of 
their position angle from the central star. The 
coding of many of the symbols are given across 
the top. The squares indicate [N II] veloci- 
ties given in M1998 for knots that have low 
(open) or high (filled) amounts of extinction 
in [O III] images. The CO velocities for the 
inner and outer-arcs are from Y1999 and the 
[O I] velocities are from Taylor (1977). The 
Nebula- [N II] velocities are from M1998 and 
the H I velocities are from the 21-cm observa- 
tions of Rodriguez, Goss, Sz Williams (2002). 
The superimposed sine waves have amplitudes 
of ±25.5 km s~^ (outer-ring, dashed line) and 
±15.5 km (inner-ring, solid line) and peak 
negative velocities at 168° (outer-ring) and 
288° (inner-ring). The H I feature with ques- 
tion marks indicates a feature with no corre- 
sponding optical component. 
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Fig. 16. — In this [O III] image of the central 
944"x905" of the nebula we have enhanced the 
visibility of the small features by taking the 
ratio of the original image to its local average 
value as described in § 4.2. One can see the in- 
dividual inner knots as crisp dark features and 
the disconnected radial-rays extending out be- 
yond what is usually considered the limit of 
the main-ring of the nebula. 



Fig. 17. — This negative depiction of the full 
FOV (1759"x2229") in }ia+[N II] shows only 
the small surface brightness range from near 
the sky level to the outer parts of the main- 
ring and the northeast-arc. The location of 
the central star is indicated by the filled white 
circle and other features discussed in the text 
in § 4.3 are labeled, as is the direction of the 
adopted proper motion of the central star. 
Imperfections in the background sky subtrac- 
tion necessary in making a mosaic image from 
multiple detectors and settings produce the 
narrow contrasting bands and the vertical lin- 
ear features. 
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Fig. 18.— This series of [S II] (top) 
and Hq!+[N II] (bottom) images shows a 
270"x270" region around the feature NE ob- 
ject (left middle of each panel) denoted in Fig- 
ure 17. The same image is depicted at differ- 
ent levels of saturation in order to show the 
structure at all levels. The right-hand images 
were made by averaging the original images 
over 10x10 pixels, as described in the text. 
We see that the inner structure is surrounded 
by a bow-shock with a chord of about 47" and 
this is surrounded by a faint thin bow-shock 
with a chord of 142". 




Fig. 19.— This Ha+[N II] image (789"x 507") 
of the northeast portion of the outer Helix 
Nebula shows the NE object of Figure 17 in 
the lower left corner and the much larger, thin 
bow-shock called the NE shock. The align- 
ment of the inner and outer bow-shocks asso- 
ciated with the NE object and the NE shock 
suggests a common origin. The alignment is 
indistinguishably the same as the direction of 
the proper motion of the central star. 




Fig. 20. — This drawing depicts the major 
features of the Helix Nebula as discussed in 
the text. The outermost-ring is composed of 
a single ring whose southwest extension is seen 
as the west-outer feature and whose northeast 
extension is compressed into the northeast- 
arc. 
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